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 l Gábor Vásárhelyi1,2 – vasarhelyi@hal.elte.hu – DOI: https://doi.org/10.1051/epn/2026308
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Drone swarms are disruptively transforming our life. While most scientists envision future 
drone swarms in decentralized bee-like self-organization, the largest real-world swarms in 
drone shows or military operations evolved to be centrally controlled. This article examines 
this discrepancy, comparing advantages, limitations, and practical applications of centralized 
and decentralized drone operations.

W
ith our research team we have spent the 
last decades developing large autono-
mous drone swarms inspired by bio-
logical self-organization [1], the natural 

basis of collective behavior observed all around us. We 
developed reliable decentralized drone control mod-
els and demonstrated their stability using 50–100 real 
outdoor quadcopters and up to 5000 simulated ones in 
bird-like flocking experiments [2] and dense aerial traf-
fic scenarios [3].

Through our research projects and our strong com-
mitment to bio-inspired systems, we blindly believed 
from the very beginning that decentralization repre-
sented the inevitable and only future of drone swarms. 
To respond to the significant interest in the scientific 
concepts and technological capabilities behind our 
work, we founded a university spin-off in 2015, but 
the real market demand for large-scale decentralized 
autonomous drone swarms did not truly arrive ever 
since in practical applications.

▲ FIG 1:  
Drone show at the 

Malta International 
Fireworks Festival, 

2026 (1000 
drones). Credits: 

Pyroemotions, Malta
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◀ FIG 2: 
Communication 
architecture of 
centralized and 
decentralized 
systems. Credits: 
OpenAI ChatGPT 
(GPT-5.5).

However, in decentralized drone swarm systems, opera-
tors must also understand that they define only the “what” of 
the operation, not the “how”. In truly decentralized systems, 
the operator provides a high-level mission briefing—de-
scribing what to do, what to search for, and how to interact 
with the environment—while the detailed execution is left 
to the swarm [7]. Individual drones are not treated as unique 
agents but as interchangeable units; trajectories are not pre-
planned, and only a limited set of global parameters, such 
as the operational area or preferred flight speed, are shared. 
The drones then negotiate and coordinate their actual flight 
plans among themselves in real time.

Note that this mode of operation is only “locally rational” 
rather than globally optimal, and from a control perspec-
tive it is inherently less transparent and predictable. Due to 
the ambiguity that real-time interactions define system be-
havior, formally guaranteeing safety, correctness, or regula-
tory compliance becomes significantly more difficult. These 
characteristics can also increase the perceived stress level of 
operators, authorities and customers, and this is particularly 
true in the broader historical context of commercial drones, 
where users have been conditioned from the very beginning 
to view the drone as a service unit fully under their control. 
Few drone operators are willing to give up this status quo, 
especially when already facing the increased complexity as-
sociated with the transition from operating a single drone 
to managing entire drone swarms.

Drone-to-drone communication in decentralized sys-
tems is often kept broadcast-only, as this minimizes com-
munication delays and naturally favors reliability among 
nearby drones (communication power decays quickly 
with distance). This local interaction structure can en-
hance overall stability and make the system more 

In the meantime, real market opportunities for drone 
fleets emerged in the entertainment industry, where 
drone shows became a disruptive new tool for marketing 
and storytelling at large outdoor events [4]. As a result, we 
gradually evolved into a drone show company and later 
became the developers of the open-source drone show 
and swarm control platform, Skybrush [5]. Since com-
petition in this field primarily focuses on scaling swarm 
size at minimal cost while delivering precisely choreo-
graphed performances, this journey ultimately provided 
us with extensive practical experience in the centralized 
control of some of the largest drone swarms ever flown.

Based on this dual expertise, the following discussion 
compares centralized and decentralized control schemes 
from the operator’s perspective and explores why fully 
controlled drone systems have so far gained far wider 
adoption than autonomous ones.

Decentralized control
Decentralized control means that low-level decisions re-
garding a drone’s flight and actions are not issued by a 
central control unit but are instead made by the drone 
itself based on its own state estimation of the environ-
ment, nearby drones, and its own condition [6]. In such 
systems, drones must be fully autonomous, as their safety 
depends entirely on their own decision-making.

Decentralization is particularly effective when opera-
tors can delegate responsibility to the drones themselves, 
especially during flight scenarios that require real-time 
adaptation of trajectories or actions beyond what a 
human operator could manage alone. In this sense, de-
centralization can be understood as a form of teamwork 
with shared responsibilities between humans and robots.
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robustness, and redundancy can, in principle, be achieved 
within centralized architectures as well.

Centralized control
By centralized control, we refer to a system in which a 
ground station prepares the flight operation before de-
ployment or adapts it during flight, while continuously 
specifying exact actions for each drone based on glob-
ally collected information. When functioning properly, 
centralized control is considerably less stressful for the 
human operator. Centralized control often gets por-
trayed as “less elegant” than decentralized swarms, but 
in practice it has a set of very strong, very pragmatic ad-
vantages—especially when reliability, certification, and 
human oversight matter more than biological inspiration 
[9]. While my admiration and respect for nature and its 
intriguing complexity will never diminish, there are im-
portant details in which we can simply do better than 
that with technology.

Centralized systems are inherently more predictable be-
cause a single entity defines all trajectories and decisions. A 
central planner can take a full “bird’s-eye view” of the swarm. 
This allows for globally optimized trajectories, energy usage, 
coverage patterns, or collision avoidance strategies that in-
dividual agents could not easily compute on their own [10]. 
In such systems, swarm behavior can be fully deterministic 
in both space and time. Individual drones follow dedicated 
flight paths that can be monitored reliably. This makes mis-
sions repeatable, which is crucial for applications like aerial 

resilient to communication outages from a ground 
control station. However, this approach also introduces 
additional challenges. In broadcast-only communication 
schemes, explicit acknowledgements are absent, requir-
ing drones to rely more heavily on onboard mechanisms 
to infer whether their messages have been successfully 
received and processed by others [8].

A critical demand of decentralized systems is the 
ability of each agent to take care of itself also in failsafe 
modes out of the context of normal operations, and this 
requires an even higher level of self-awareness together 
with complex failsafe logic. Operators of manually con-
trolled drones often underestimate the complexity of such 
autonomy, as they naturally compensate for unexpected 
behavior—such as incorrect altitude, unstable movement, 
or proximity to obstacles—through their own vision and 
manual intervention, often without realizing how much 
intelligent decision-making and situational awareness 
these corrective actions require.

Decentralized systems are also often described as 
highly scalable due to the absence of centrally overloaded 
infrastructure. However, in practice, scaling such systems 
is one of the most challenging problems, largely due to 
emergent phenomena arising from the complex and often 
unpredictable, chaotic dynamics of locally interacting 
swarm systems. Similarly, they are frequently character-
ized as robust and redundant, which ensures graceful 
degradation in case of individual failures. Yet their in-
herently non-deterministic nature can also work against 

ASPECT CENTRALIZED CONTROL DECENTRALIZED CONTROL

Decision-making All decisions made by a ground station or 
central planner

Decisions made locally by each drone, onboard

Control philosophy Top-down, explicitly commanded behavior Bottom-up, emergent behavior from 
local interactions

Predictability High; behavior is deterministic in space and time Lower; behavior can be non-deterministic 
and emergent

Global optimization Strong capability for globally optimal planning Limited; optimization is local and distributed

Scalability Limited by computation and communication load 
on central unit

High in principle, but complex in practice due 
to interactions

Robustness to agent failure Moderate; individual failures manageable, but 
central node is critical

High; no single point of failure at control level

Communication structure Hierarchical, drone-to-ground dominant, strong 
dependence on reliable link to central station

Local, often peer-to-peer or broadcast-based, less 
dependent on long-range communication, more 
on local links

System complexity location Centralized (ground station / controller) Distributed across all agents

Onboard intelligence required Low; drones execute predefined commands High; drones must make autonomous decisions

Hardware cost per drone Lower (simpler agents possible) Higher (more computation and sensing onboard)

Verification & certification Easier to test, simulate, and certify Difficult due to emergent and nonlinear behavior

Failure mode Potential single point of failure Gradual degradation rather than collapse

Operator role Direct control of “what and how” Defines only “what”; system determines “how”

Adaptability to local changes Slower; requires central re-planning Fast; local real-time adaptation

Typical applications Surveying, inspection, precision agriculture, 
drone shows

Research systems, exploration, 
dynamic environments

▼ TABLE 1:  
Brief comparison of 

centralized  
and decentralized 

systems.
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cinematography, surveying, inspection, or testing, where 
identical conditions must be reproduced. 

Because all decisions originate from one control logic, 
it is much easier to analyze, test, and certify system be-
havior. This is a major advantage in aviation contexts, 
where regulatory compliance and safety guarantees are 
essential. Centralized control keeps humans firmly in 
the decision loop. Responsibility, control, and traceabil-
ity are clearly defined, which is important both legally 
and operationally. When something goes wrong, it is eas-
ier to understand why. While decentralized systems rely 
on emergent behavior, centralized systems rely on engi-
neered redundancy and explicit fail-safe logic. This can 
be more predictable in safety-critical environments, even 
if it introduces a single point of failure at the system level.

A major and many times underestimated advantage 
of centrally controlled systems is that in this architec-
ture, drones can remain relatively simple, as they do not 
need to communicate with each other or make complex 
local decisions. This reduction in onboard complexity can 
significantly lower unit costs, which becomes a critical 
advantage when scaling swarm size. 

Finally, from a highly practical perspective, while ad-
miring the elegance of decentralization during system 
design, one must also ask whether such additional com-
plexity is truly necessary. With the current state of tech-
nology, centrally controlled systems can already scale to 
several thousand units while maintaining highly stable 
communication networks over typical operational dis-
tances and achieving centimeter-level navigation. As 
demonstrated by the world’s largest drone swarms in the 
context of drone shows, such systems can be implemented 
and operated with remarkable reliability and simplicity. 

Summary
As we can see, both centralized and decentralized control 
architectures have their own advantages, disadvantages, 
and appropriate application areas. The main aspects of 
these control architectures can be seen in Table I.

Overall, in most practical systems, a hybrid strategy is 
likely to be the most effective solution. Decentralization 
should be applied only where it provides clear benefits—
such as last-minute collision avoidance, local conflict res-
olution, truly adaptive cooperative tasks or preprocessing 
locally sensed data—while the rest of the system should re-
tain as much deterministic centralized control as possible. n
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